The processing company under study found out that the boiler was the key machine and needs artificial intelligence monitoring and control. It was simulated under Matlab software and oil level, and pressure and temperature were to be modelled and controlled using the programmable logic controller (PLC) with a fuzzy logic controller as the main brain of control. The company is for processing of fruits to produce juice.
Introduction
Beverage industry denotes the industry accountable for the manufacture of drinks through the usage of highly automated systems, which are responsible for the production of beverages within a short period of time [1] [2] [3] . Beverage industry is greatly affected with profitability problems. The ever-increasing costs of new equipment and spares, perennial foreign currency shortages and the need for improved competitiveness bring about the need for more effective maintenance systems [4] [5] [6] . This results in maximum utilization of plant-installed capacity through improved reliability, uptime, quality and asset life-all achieved at optimal levels of costs versus benefits. Emphasis should be on ensuring that the correct maintenance is being done (doing the right job) rather than merely ensuring that maintenance is being done correctly (doing the job right). At the processing company, process losses have traditionally been 1.5% of total losses but increased to 10% in 2011. This has raised concern and hence the need to find new emerging maintenance management philosophies, such as improving maintenance cost effectiveness as one sure way of increasing the overall profitability [7] .
Vital equipment: These are units that are essential to the procedure; however, in the event that there is a breakdown, the procedure still proceeds. Excess units (if accessible) would be in this domain. Analysing and regulation of these units are additionally crucial to keep up option strategies given that critical machinery falls flat.
Balance of industrial equipment or the general purpose: These are the components that complement the whole plant and are ordinarily assessed, utilizing a handheld information gatherer, as said beforehand, to occasionally build an idea of the strength of the machine.
Types of failure caused by not maintaining machinery
Breakdowns might be characterized by their seriousness in any of these four classes and are contingent upon the characterized breakdown impacts below:
1. Insignificant breakdown: Any breakdown that does not debase the general routine and adequacy of the framework past worthy breaking points [12] .
Key breakdown:
Any breakdown that will corrupt the framework implementation and viability past worthy points of confinement, however, they can be controlled [13] .
3.
Critical breakdown: Any breakdown that will corrupt the framework past adequate points of confinement and could make a security danger if a prompt restorative move is not made [14] .
4.
Catastrophic breakdown: Any breakdown that could bring about critical framework harm, for example, to block useful achievement, and bring about death and staff wounds [15] .
Types of condition monitoring techniques
In line with the research area of interest, condition monitoring will be looked at since it is a branch of Condition Based Maintenance (CBM).
Noise and vibration
All machines vibrate, and when they are in good condition, their frequency spectrum has a characteristic form; any departure from this form indicates that something is wrong-fatigue, or wear, or ageing of something of some component. Parameters that are useful include amplitude, frequency and phase angle [16] .
Amplitude
This gives an indication of the stress under which a piece of rotating machinery is working, in particular, it can give a measure of the eccentricity (out-of-roundness) of a rotor [17] .
Frequency
Through the frequency spectrum, you can detect a fault in rotating machinery. Vibrations fall into two main classes:
Synchronous: Frequencies are in multiples or sub-multiples of the frequency of rotation, that is, they are harmonics or sub-harmonics of that frequency.
Asynchronous: These are not related to the rotation frequency; they can be the natural frequencies of various parts of the system, which can be identified [17] .
Phase angle
It locates the high point in a rotor that is not perfectly circular and thus gauges its out-of-balance characteristics. Machines must be continuously monitored to denote their state. The following machines can do these:
1. Clearance recorder: recording the actual movements of the shaft which generate the vibrations.
2.
Speed recorder: mounted externally to a machine, and it gives a strong signal at medium frequencies, depending on the temperature and the general environment.
3.
Accelerometer: also installed to a machine, and it gives a strong signal at high frequencies [17] .
Temperature
Temperature recording is a relatively simple matter at the industrial level. Change of temperature in rotating machinery is often a sign of deterioration and is therefore something to which close attention should be given. This is currently practised in thermography [18] .
Tribology
An examination of the particles suspended in oil can give very valuable information. The amount of suspended material is an indicator of the state of deterioration of the machine; the composition can identify the source of the wear and thus the component that is failing. The necessary analysis can be done in the laboratory with the electron microscope. Basically, the monitoring techniques that were listed in Table 1 are almost the major ones currently used. 
Type Method

Visual Eye
Problem behind the processing company (PC)
The reactive nature of the corrective maintenance strategy at the company has resulted in loss of trivial production time. Downtime due to breakdown is greatly affecting the production targets and delivery of juice products to customers which had resulted in loss of goodwill and trust from consumers. The processing company (PC) uses a number of raw materials for the production of the fruit juice concentrates: mangoes, guavas, oranges, tomatoes, lemons, grape fruits, granadilla and other continuous inputs such as municipality and borehole water, diesel, electricity and labour. The company has got equipment in place which were mainly supplied by a company in Italy. The mission of the production department is to safely produce quality products and maintain equipment at a lowest possible cost to meet sales and marketing demands.
Failure in equipment
Using records from previous seasons, equipment with high failure rates and high downtimes is identified. For easy interpretation and identification of this equipment, the information is sorted using Microsoft Excel and graphs are drawn. From the bar graph showing the relative contributions of equipment to the total downtime, equipment that contributed the most to the total downtime is identified. Breakdown of any of these equipment results in stoppage of the production; therefore, the production loss that is represented by a breakdown of each of these machines is equivalent to the production of the diffuser line, which is 60% of total production (300 TCH of 500 TCH). The following graph in Figure 1 shows the downtimes caused by the breakdown of each item during the last juice extraction season, and Figure 1 shows how extraction takes place. 
Planned stoppages
The production line is stopped once every 2 weeks. The shutdown is for the whole plant, as some equipment will be due for cleaning and some equipment would be due for servicing.
The shutdown starts at 0000 h and servicing starts at 1000 h. The time from 0000 to 1000 h is used to stop the processes, empty some vessels and allow some equipment to cool. This time is also used to plan some of the jobs, perform pre-task risk assessments, order and transport spares from the stores department and also to service some equipment. Full-fledged servicing kicks off at 1000 h and continues up to 1600 h. At 1600 h, the start-up process begins with steam being released into the vessels to warm them. Production is started around 1700 h when vessels are ready to receive juice, and hot imbibition water is available. The processes are then started, and the levels gradually increased. Full production levels are achieved by 1800 h. The total downtime for this planned stoppage is thus 18 h. A crushing season starts early April and ends in mid-December. On average, it has 36 weeks. The average number of hours for planned stoppages annually is thus: Figure 2 is very critical as most of the time, the plant is always shutdown, which results in a great deficiency and loss of goodwill from the customers as the plant is failing to meet the targets.
Plant performance
From operating history, the availability performance for each item was evaluated, and the results are shown in Figure 3 . All availability performance scores were above 90 so for clarity Figure 2 . A pie chart for planned and unplanned stoppages.
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in comparing, the axis for availability performances was broken such that it starts at 90-100.
The main contributor to downtime is planned downtime. This affects the availability of all equipment in the production line, but it is not all equipment that requires servicing every fortnight. Some of the equipment that requires servicing does not need 18 h. In view of this, maintenance schedules currently in use were analysed in order to identify equipment that really requires servicing fortnightly and has the least maintainability. Figure 3 shows the availability performance of the plant with planned downtime.
Equipment criticality analysis
This section now seeks to identify the equipment that is critical to mainly to production, health, safety, environment and operational costs. This classification of equipment according to risk level is done so as to prioritize equipment in terms of maintenance, work orders, costs and inspection. The criticality of equipment was analysed based on two sides: the effect of failure and its consequence. Equipment history data and interviews were the methodology, which was used to find out which equipment has major effect on production. This was used to give scores to various equipment using the risk analysis matrix balanced score card by Nowlan and Heap, which is shown in Appendix.
Risk analysis matrix balanced score card: Appendix
As shown in Appendix, there are two categories of scores (Priority and Equipment Score), which are used to calculate the Criticality Score. The Priority Score is obtained from multiplying the results of the three factors (Factor E, Factor F and Factor G). The Equipment Score is obtained from multiplying the results of the four factors (Factor A, Factor B, Factor C and Factor D). This is summarized below.
Criticality score (The Criticality Score is obtained by multiplying the Equipment Score by the Priority Score = ES * PS). Priority score (The priority score is obtained by multiplying the results for the three factors (= Factor E * Factor F * Factor G) as shown in Table 2 and Figure 4 .
NB: The general details on the factors used are presented in Appendices 1-4. From Table 2 , it is clear that criticality equipment ranking for PC is as follows: boiler, juice transfer pumps, plant conveyor systems, sterilizers and hot break machines, and the boiler is critically affected most as shown in Figure 5 .
The graph above shows the Key Performance Indicators (KPI) trend in the year 2010-2015. From the graph, the plant availability trend is showing an increment over the years, and the performance rate seems to be showing the same trend; thus, it seems plant availability is proportional to performance rate. Planned downtime trend has shown to be decreasing with the unplanned downtime showing an increase over the years, meaning that the maintenance effort is opposing the world-class standard as it is showing an increase in reactive domination. OEE is showing a haphazard trend as it seems to be aligning with the performance rate. OEE depends mainly on the performance rate. 
Boiler analysis
When failure occurs in any manufacturing process, it is critical to identify and analyse the root causes leading to that failure. Hybrid proactive maintenance strategy is condition-based maintenance complementing preventive maintenance (PM) strategy. PM uses mean time to failure (MTTF) as its pivot in the calculation of PM intervals. This gives calculations for MTTF on unrepairable equipment and mean time before failure (MTBF) on repairable equipment based on the assumption that the failure rate of each component is constant. Failure Modes Effects and Criticality Analysis (FMECA) analysis for the boiler is discussed in detail in a later chapter. The risk priority number chart is drawn with the highest scores corresponding to the most critical boiler component. The root cause failure analysis (RFCA) for the boiler machine is presented in the form of the Ishikawa diagram which was drawn using the Edraw max software as in Figure 6 . The Ishikawa diagram is also called a fishbone diagram. The gearbox and feed check are reportedly failing almost every week. A Mamdani fuzzy logic controller is further presented in this chapter to monitor parameters such as moisture and dust effects on the feed check valve as well as oil level and torque control on the boiler gearbox. The fuzzy logic framework was determined among other counterfeit shrewd frameworks to be best fitting to comprehend the breakdown difficulties of the heater. A gearbox is continually sticking, and it is difficult to investigate the breakdown of fuzzy logic, and the reason is an instrument that was utilized for observation. On the risk priority side, it helps me knowing which segments to take and observe the most.
In general, I will do main emphasis on the raw data analysis of the overall plant performance as shown in Figure 7 . Critical equipment has been selected using the Nowlan and Heap procedure. The critical components for the plant were found to be the boiler, juice transfer pumps, conveyor system, sterilization unit and hot break machine. This is the equipment that stands to benefit the most from a change in maintenance policy. Because of the time constraint, suitable maintenance strategies will be produced for the boiler of these critical items, which show the greatest opportunity for improvement. 
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Results of the boiler for case study using fuzzy logic
Analysis of the boiler is carried out in this section, and Figure 8 shows the risk priority number for the steam boiler.
Fuzzy logic systems (using Matlab software)
The purpose of the gearbox in a boiler setup is to change the speed ratio between the motor and kicker. The gearbox is seen to be continually sticking, and it is difficult to investigate the underlying reason for the breakdowns along these lines; fuzzy rationale framework is created to screen the torque and oil level when the boiler container is stacked. The gearbox must be halted when terrible conditions exist in the evaporator as an integrated upkeep procedure to abstain from sticking, henceforth, canny fuzzy rationale control. From the interviews with the engineers and plant artisans, as well as maintenance of history log books, it was noted down that oil level and torque are the major factors which are contributing to the jamming of the gearbox whenever the boiler is being loaded. In this chapter, the oil level is being controlled and is to be modified with specific levels: high, acceptable and low.
Controlled torque is to be modified with specific levels: high, normal and low. This is highlighted beneath.
Oil level and torque control
Effects of oil level and torque control on gearbox jamming
Moisture inside the valves may result from the compressed air passing through the valve. The effects of moisture on the valves include:
• Moisture may cause rusting in the moving parts of the valve. • Increased rate of wear of the valve material may also result due to moisture. Moisture washes the lubrication away, which will result in the eventual failure or malfunctioning of the valve.
• The industrial processes, which rely on the full functionality of the pneumatic control valves, may be jeopardized, and this usually results in costly breakdowns of the machine.
• Air-or gas-operated instruments may give inaccurate readings due to corrosion of the material and hence interrupting the plant processes.
• The rubber diaphragms inside the pneumatic valves can be stiffened and will eventually rupture due to the moisture flowing through them.
The following are the range of values of moisture, which are tolerated and some not tolerated inside the valve:
Oil level control
For a range of 0-100%
This is the aggregate scope of oil level either acknowledged or unaccepted in the gearbox.
• 0-40%
This alerts the artisans for refiling when oil is about to run out.
• 40-80%
At this level, it is acceptable, and the gearbox can continue operating.
• 80-100%
The level is fine and the gearbox has to keep running.
Torque control
For a range of 0-12,000 Nm
This is the total range for torque in the gearbox at any time (unaccepted or accepted).
• 0-2000 Nm
The range is very fine for starting the gearbox and is fine for running the boiler.
• 2000-8000 Nm
The torque is very fine for the gearbox to continue running.
• 8000-12,000 Nm
This range is very high, and it needs close monitoring, otherwise, stop the boiler. The gearbox has to run or stop, either of the 2, that is the meaning of 0 for stop and 100% for running that is the 0 or 1 for logic:
• 0 stop At this range for the stop signal, the gearbox is to stop being controlled by torque and oil level
• 1 run
This involves the range 0-100%. All the conditions are being met (oil level and torque), and the gearbox can run effectively.
Simulation of the effects of oil level and torque on the gearbox using fuzzy logic
The rule base consists of a collection of expert rules, which are required to meet the control goals. These control rules can be developed from survey results, common sense, general principles and intuitive knowledge. The IF − THEN or IF − AND − THEN rules are mainly going to be used in designing the controller as shown in Figure 9 . The situation for which the rules are projected is given by the IF part. The fuzzy system reaction in this state will be given by the THEN part. Figure 9 below shows the fuzzy logic (Matlab software) screenshot for the two inputs (oil level and torque) and the output parameter (gearbox). 
Control of gearbox jamming using fuzzy logic tool box
Membership function editor for oil level and torque monitoring
The membership function editor is the central concept of the fuzzy set, which has values ranging from 0 to 1 in the y axis. The ranges of control were done in Tables 3-5 . Membership function editor is the stage whereby the ranges, as explained above, are inserted into the fuzzy logic Matlab software and the screenshot of the data is taken as shown in Figure 10 . It helps to display all membership functions connected with the input and output for the entire Fuzzy Inference System (FIS). In this case, a triangular fuzzy set membership function is used for oil and torque monitoring. This is shown clearly in figures below with ranges for oil level monitoring varying from low, acceptable and high and the numerical values being added. For torque control, the corresponding numerical values range from low, normal and high. The gearbox is either run or stopped, depending on the oil level and torque conditions as in Table 5 .
The membership functions editor for the output is shown in Figure 11 , which is the gearbox that is plotted in the form of a triangle. Fuzzy logic is an artificial intelligence software which can store the output ranges in its memory and can learn the system to give solutions in what can be done. The Matlab software of fuzzy logic consists of the rule editor function which allows for the generation of the rules. This is done after inserting the range of values for oil level and torque monitoring and the gearbox outputs. The IF…..THEN……ELSE rules are being used for retrofitting as shown in Figure 12 . After the rules are inserted, the overall results of combined effects of oil level and torque monitoring on gearbox monitoring are as discussed below. The rule viewer is an intelligent software, which is used to view the rules created using the rule editor. The rule viewer for the range values for oil level, torque and gearbox operation is discussed clearly in the figure below. However, the values obtained in the rule viewer are just optimum ranges and cannot be concluded as the best control values. Conclusions are only taken after the defuzzification process as described later in the chapter. The surface viewer shows a three-dimensional structure, which gives a conclusion to the range of values that are required to keep the gearbox functioning. This can be put in two-dimensional structure to highlight, in a simplified manner, the range of values recommended to keep the gearbox functioning as in Figure 13 .
Input range (%) Fuzzy variable name
0-40 Low
40-80 Acceptable
80-100 High
Crisp input range (%) Fuzzy variable name
0-2000 Low
2000-8000 Normal
8000-12,000 High
Analysis of the effects of oil level and torque on gearbox 4.2.2.1. Control of gearbox oil level
From the surface viewer of the gearbox against the oil level shown in Figures 14 and 15 , it is seen that the gearbox is maintained and remains constant, at a 50% capacity if the oil level is 40%. If the oil level is at 40%, smooth running of the boiler is experienced. If the oil level by any means goes below 40%, stop the gearbox to avoid breakdown of the gearbox. It is seen that the fuzzy logic engine will instruct the gearbox to stop running without any human intervention so as to reduce the frequency of breakdown of the boiler machine through an effective gearbox operation. Figure 14 shows a three-dimensional, and Figure 15 is a two-dimensional image.
Control of gearbox torque
From the graph, Figure 14 of gearbox operation against torque control, it is shown that the gearbox should never be operated at torque greater than 8000 Nm as shown in Figure 16 . The gearbox is seen to run smoothly at a 50% capacity if torque ranges from 0 to 8000 Nm. From this figure, it can be concluded that the required range for the gearbox to run smoothly is 0-8000 Nm of torque; otherwise, stop the gearbox and hence the boiler. Matlab software has stored this data in fuzzy logic and will automatically stop the gearbox operation and hence the boiler if the above conditions are not met.
Moisture and dust control on boiler feed check valves
Effects of moisture and dust levels on feed check valves
• Moisture may cause rusting in the moving parts of the valve.
• Increased rate of wear of the valve material may also result due to the moisture. The moisture washes the lubrication away which will result in the eventual failure or malfunctioning of the valve.
• The industrial processes which rely on the full functionality of the pneumatic control valves may be jeopardized, and this usually results in costly breakdowns of the machine.
• Air-or gas-operated instruments may give inaccurate readings due to corrosion of the material and hence, interrupting the plant processes.
The following are the range of values of moisture which are tolerated and not tolerated inside the valve:
Moisture level control
For a range of 1-5%
This is the total range of moisture in the feed check valve at any time (either accepted or unaccepted).
• 0-1%
This defines that the amount of the moisture in the feed check valve is very minimum in such a way that it causes little or no damage to the valve.
• 1-3%
At this range, the valve works effectively but further exposure to moisture may result in a breakdown.
• 3-5% This is the range when a maximum amount of moisture is experienced inside the valves. This range is unacceptable at all times as it leads to breakdown of the valves (rust, corrosion, wear and eventually breakdown of the boiler).
Dust level control
For a range of 0-1%
This is the total range of values of dust inside the feed check valve (accepted or unaccepted).
• 0-0.02%
At this range, the valves can run effectively without any damage.
• 0.02-0.5%
This amount of dust entering the valve may cause the valve to malfunction with further exposure. However, at this range, the feed check valves are seen to be operating effectively.
• 0.5-1%
These ranges of dust are not acceptable at all. The excessive exposure of dust inside the valve may result in scoring, wear and eventually total failure of the boiler machine.
Output control
The feed check valve has to either open or close, either of the two, and that is the meaning of 0 for close and 1 for open.
• 0 close At this range, for close signal, the valve will close if the if the dust and moisture levels inside the valves are unacceptable.
• 1 open
This involves the acceptable range. All the conditions are being met (dust and moisture level), and the valve can effectively open at any angle between 0° and 90° depending on the amount of feed water to be pumped into the boiler.
Simulation of the effects of dust and moisture levels on feed check valves using fuzzy logic
The moisture and dust level variations in the boiler machine can be monitored using an artificial intelligence software. The inference engine of fuzzy logic can store two input parameters (moisture and dust level) and one output parameter (feed check valve operation) as shown by the print screen below from the laptop in Figure 17 .
Control of feed check valve operation using fuzzy logic tool box is shown in Tables 6-8.
Membership function editor for moisture and dust monitoring
This is shown clearly in Figures 18-20 with ranges for moisture level varying from low, acceptable and high and the numerical values being added. For dust control, the corresponding numerical values range from low, normal and high. The valve either closes or opens depending on moisture and dust levels. This is done to control the feed check valves so that they won#x2019;t operate in unfavourable conditions which might result in the failure of the boiler.
The following rules were developed in Figure 20 and will instruct the controller what to do.
After the rules are inserted, the overall results of combined effects of moisture and dust levels on feed check valve are as discussed below. The rule viewer is an intelligent software which is used to view the rules created using the rule editor and is shown in Figure 21 . The rule viewer for the range values for moisture level, dust and valve operation is discussed clearly 
. Control of feed check dust level
From the surface viewer of the feed check valve control against the amount of dust, it is seen that the valve remains constant at 45% corresponding to a dust range of 0-0.55%. The dust level should be maintained at this range. If the dust level is increased from 0.55 to 0.58%, there is a linear decrease in the feed check valve's opening angle from 45 to 0°. As the level of dust is further increased from 0.58 to 0.95%, the valve is kept constant at 0°. It is therefore concluded that dust level should remain between 0 and 0.55% so that the valves will run smoothly; otherwise, boiler breakdown will result. Fuzzy logic engine is an artificial intelligence system 
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which will instruct the valves to immediately close as soon as the dust level exceeds 0.55%, as in Figure 23 , without any human intervention. Figure 24 indicates that moisture level does not contribute much to the valve opening. From 0 to 85%, the feed check valves operate at a constant capacity of 45%. For smooth operation of the valves, moisture level should not exceed 85%; otherwise, fuzzy logic will set the valves to close automatically. This helps to prevent the breakdown of feed check valves. 
Control of moisture level
Recommendations and conclusions
Improve management commitment: The success of any system depends on the commitment of the management. Design and implementation of a hybrid proactive approach require a greater initial investment for it to be successful. Since systems are people driven, it is certain to require worker participation. Management needs to look up at providing resources for in-house training for the fuzzy logic system. 
Appendices for the processing company
Effect on production output (Factor A) Factor score
No significant impact/standby equipment is available 1
Minor impact on production. Unlikely to affect other areas of the plant 2
Failure would have significant impact on output and may affect other sections 3
Major impact on the plant#x2019;s operations; failure would cause over 40% of plant production to stop 
